This work reports the synthesis of Ni(OH) 2 aerogels incorporated in situ with polypyrrole (PPy) for application as electrodes in high-capacity energy storage devices. Ni(OH) 2 gels were prepared by the sol-gel method from NiCl 2 as precursor and propylene oxide as gelling agent in ethanol. Pyrrole monomer was added prior to gelling of the sol and in situ polymerized using ammonium persulfate as oxidant agent. After solvent exchanges from ethanol to acetone, the gels were dried in a CO 2 supercritical point drier. Powdered aerogels were deposited onto both sides of a poly(vinyl alcohol)/H 3 PO 4 film (electrolyte/separator) and the contacts were closed with copper foils, resulting in a complete device. Through cyclic voltammetry and charge/discharge curves, the performance of the supercapacitors was evaluated by the specific capacitance, power and energy densities and series resistance. The specific capacitance was increased by 43% with the incorporation of 0.2 mol/L PPy (276 F/g) and the series resistance obtained decreased by 79% (46.5 X/cm 2 ), which reflects the enhanced performance and electrochemical properties of Ni(OH) 2 aerogel-based devices incorporated with PPy.
INTRODUCTION
Nowadays, various applications, such as electronic devices, electric vehicles, and portable equipment, require efficient energy storage systems. Supercapacitors offer a combination of high power density and high energy density, which are required for small, low-weight devices, capable of storing charge in the order of hundreds of F/g.
Many metal oxides and composites have excellent electrochemical properties to create supercapacitors. However, industrial applications of those materials are complex due to high processing costs, operating voltage, and toxicity. 1 Transition metals are quite promising for use in supercapacitors. For instance, ruthenium oxide (RuO 2 ) can reach high specific capacitances of around 1500 F/g, but its high cost and its shortage in nature makes it unattractive. in electrochemical sensors. 10 Xu et al. 11 produced core-sheath-structured Ni-Ni(OH) 2 nanowire membranes for electrochemical energy storage electrodes with a high volumetric capacity and an excellent rate capability.
To ensure high electrochemical activity of the electrodes, despite low crystallinity, a large concentration of defects in the structure and high surface area are also desired. The combination of the sol-gel process with the supercritical drying process results in highly porous materials with a high specific surface area (aerogels) which amplifies the ion transport through the mesoporous network. The control of such nanostructures allows the use of aerogels in electrochemical processes. 12 To improve the mechanical resistance, conductivity and reversibility in the charge/discharge process, many studies have been reported regarding the incorporation of other materials to form hybrid electrodes. 13 In this sense, the application of conductive polymers in supercapacitors is attractive because of their high charge density, low cost, and intrinsic conductivity. The most investigated conductive polymers for application in supercapacitors are polypyrrole, polyaniline, and polythiophene. [14] [15] [16] Han et al. 17 reported a hybrid device formed by manganese oxide, polypyrrole, and graphene nanosheets (MnO 2 /PPy/ rGO) with 404 F/g in 0.25 mA/g. In another work, iron oxide and polypyrrole (Fe 2 O 3 /PPy) composites exhibited a specific capacitance of 420 F/g. 18 Murugan 19 showed an increase of 40-300 F/g with the incorporation of poly(3,4-ethylenedioxythiophene) (PEDOT) in the structure of molybdenum oxide (MoO 3 ). Although the majority of supercapacitors use liquid electrolytes, this can be disadvantageous regarding the possibility of leakage during operation, resulting in a performance decrease. 20 In recent years, flexible solid-state supercapacitors have been developed using gels as electrolytes as promising portable energy storage devices, mainly because of their high power density, long life cycle, environmental compatibility, flexibility, and stability. 21, 22 In this work, nanostructured composites composed of Ni(OH) 2 aerogels incorporated in situ with polypyrrole were produced and applied as electrodes in supercapacitors.
EXPERIMENTAL
For the synthesis of aerogels and composites, nickel chloride hexahydrate (NiCl 2 AE6H 2 O; Vetec) was used as the Ni(OH) 2 precursor. Pyrrole monomer (Py; Sigma-Aldrich) was used for in situ polymerization. Py was distilled under vacuum and stored in a refrigerator at 8°C to avoid pre-polymerization. Ammonium persulfate (APS; Vetec) was employed as an oxidant agent and used as-received. Poly(vinyl alcohol) (PVA, 98-99% hydrolyzed; Sigma-Aldrich), phosphoric acid (H 3 PO 4 , 85%; Vetec), ethanol (ETOH, 99.5%; Synth), propylene oxide (99%), and acetone (99.9%) were used for the synthesis.
Aerogels of Ni(OH) 2 incorporated with different concentrations of PPy were synthesized. For nickel hydroxide alcohol gel synthesis, a solution with 0.37 g of NiCl 2 AE6H 2 O in 2.5 ml of ETOH was prepared and stirred until complete dissolution. Then, 1.8 ml of propylene oxide was added under constant agitation. For the synthesis of Ni(OH 2 )/PPy aerogels, Py was added together with 0.37 g of NiCl 2 AE6H 2 O in 2.5 ml of ETOH. Afterwards, propylene oxide and the oxidant agent (APS) were added. Different concentrations of Py (0.2 mol/L and 0.4 mol/L) and ammonium persulfate (0.03 g and 0.06 g) at a ratio of 0.18 of oxidizing agent/monomer were prepared. The solution was poured into molds and left for 24 h under ambient conditions, which resulted in rigid light green opaque gels. The gels were immersed in a bath of ETOH for 1 day and, during the next 4 days, the ETOH was gradually replaced by acetone. The samples were then dried in a CO 2 critical point dryer (SPI-Dry E3100), in which acetone was slowly replaced for CO 2 during 5 days. The aerogels were submitted to a heat treatment at 200°C for OH-groups removal.
The electrolyte/separator was prepared according to Fei et al. 23 A solution containing 6 g of PVA, 6 g of H 3 PO 4 and 60 ml of distilled water was stirred under heating to 85°C until complete dissolution and subsequently poured into a Petri dish. The formed film was left at ambient conditions to evaporate the excess of water.
The supercapacitor was assembled in a sandwichlike symmetric device, in which the aerogel powder was deposited on both sides of the film (electrolyte/ separator) and between copper foil contacts.
X-ray diffractometry was applied for phase identification (XRD; Phillis, X-Pert) using a Cu Ka radiation (k = 1.54 Å ). Powdered aerogels were placed on aluminum stubs and scanned over a 2h interval between 5°and 90°in 1°/min steps. The specific surface area was determined by a multipoint B.E.T. surface area (NOVA 1200e; QuantaChrome) through nitrogen adsorption-desorption isotherms. Raman spectroscopy (InnoRam, B&W TEK) was also performed for structural analysis. The morphology and nanostructure of the composite aerogels were evaluated by transmission electron microscopy (TEM;, JEM-1011) operating at 100 kV. The mean size of the nanoparticles was obtained from the analysis of magnified TEM images.
CV, and galvanostatic charge/discharge were carried out using a high precision SMU (Agilent B2912A). Cyclic voltammetry was measured in a range from À1 V to 1 V with 1 M H 3 PO 4 /PVA as electrolyte. Voltammetry was performed with different scanning rates (5 mV/s, 10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s, and 100 mV/s). The capacitance of the devices was obtained through the area of the voltammogram, according to Eq. 1. The specific capacitance (F/g) was calculated from the ratio of capacitance (in F) through the mass of the electrodes. 24 Cycle stability was evaluated after 1000 cycles at a scanning rate of 100 mV/s. To analyze the charge/discharge curves, the galvanostatic method was applied. For galvanostatic measures, the current density used was 10 mA/g or 50 mA/g. From these curves, it was possible to calculate the energy density (E), the equivalent series resistance (ESR) and the power density (P) of the device, according to Eqs. 1 to 3 25 :
where: C = capacitance; I = discharge current; m ac = mass of the active material (aerogel); DV = potential after complete charge; iR drop = difference between the extremes during charge and discharge.
RESULTS AND DISCUSSION
The obtained aerogels exhibited similarities to those synthesized by Gash et al. 26 presenting a greenish coloration (Fig. 1a) . According to Rolison et al., 12 the incorporation of conducting polymers after gelation of metal oxide alcohol gels results in poor electrochemical properties, as there is a nonhomogeneous distribution of the polymer. On the other hand, for incorporation during gelation, the polymer reaches a homogenous distribution due to microstructural control. In this way, pyrrole was incorporated during the gelation process. The limitation for the incorporation of PPy, and consequently in the modification of its properties, is the inability of oxidation and gelation of the alcohol gel with a high content of the conducting polymer. The aerogels incorporated with the conducting polymer exhibited the same texture, but with higher fragility and featured a gray color as shown in Fig. 1 . With the increase in the concentration of the conducting polymer, the color of the aerogel became darker (dark gray), as shown in Fig. 1b and c. Figure 2a shows the x-ray diffractograms of a Ni(OH) 2 aerogel and the nanocomposites of Ni(OH) 2 incorporated with 0.2 mol/L and 0.4 mol/L PPy. The spectra of Ni(OH) 2 and Ni(OH) 2 (200°C) aerogels are characteristic for an amorphous phase, with a halo centered at around 2h = 14°, which is related to the (001) planes of a a-Ni(OH) 2 structure. 27 The spectrum of the Ni(OH) 2 aerogel also exhibits halos at 2h = 36°(110)/(111) and at 2h = 60°(301), quite similar to the aerogel of Ni(OH) 2 synthesized by Gash et al. 26 For the composites incorporated with different concentrations of PPy, the peak at 2h = 20.7°is related to the b-Ni(OH) 2 structure, and the peaks at 2h = 35.5°, and 2h = 59.1°corre-spond to a-Ni(OH) 2 . According to Bora et al., 28 the peak relative to pure amorphous PPy is centered at 2h = 24.65°, which overlaps the (001) peak. After PPy incorporation, there is an intermediate structure between a-and b-Ni(OH) 2 as a result of hydration and incorporation of impurities, which can further influence the performance of the electrode. 29 Figure 2b presents Raman spectra for aerogels incorporated with different concentrations of Py, in which two typical peaks were observed. For pure PPy, the characteristic bands were observed at 1383 cm À1 and 1570 cm À1 due to the ring stretching mode e and the C=C backbone stretching of PPy, respectively. 30 The incorporation of the conducting polymer resulted in changes in the characteristic peaks (1374 cm À1 and 1554 cm
À1
) for the composite with the lower concentration of PPy, (Ni(OH) 2 /PPy-0.2). A small shift occurred, probably related to Ni(OH) 2 . With the increase in concentration, this shift is not observed. In the case of ring deformation (deprotonated pyrrole), peaks in the region of 1040-1160 cm À1 would be revealed. 31 In this way, it is possible to state that the polymerization occurred as expected. Figure 3 shows TEM micrographs of Ni(OH) 2 aerogels synthesized at ambient temperature and heat-treated at 200°C and Ni(OH) 2 /PPy composites polymerized with different concentrations of Py. The Ni(OH) 2 aerogel (Fig. 3a) exhibits a typical porous network structure composed of interconnected spherical particles with sizes in the range of 25-35 nm. After calcination of Ni(OH) 2 at 200°C (Fig. 3b) , it can be observed that the particles maintained their spherical structure but with a greater volume of pores. This behavior was not observed for Ni(OH) 2 aerogels incorporated with PPy ( Fig. 3c and d) . It can be noticed in the Ni(OH) 2 / PPy-0.2 composite that, with the polymerization of Py, the aerogel nanoparticles remain interconnected, though reducing their spherical shape. With the increase of the concentration to 0.4 mol/L of Py in the composite, a less porous structure is generated with interconnected spherical-shaped coalesced particles. This behavior can be explained by the polymerization of the conducting polymer on the nanoparticles in smaller pores. 32 During calcination, the hydroxyl groups are removed, which causes important changes in the structure of the aerogel depending on the temperature at which it is submitted. Up to 200°C, the pores of the structure still remain, but the hydroxyl groups were totally removed. Table I presents the results of the B.E.T. analysis of Ni(OH) 2 aerogels and of the nanocomposites. Usually when the structure has a low crystallinity, as is the case with Ni(OH) 2 , it is possible to obtain a higher specific surface area than its high-crystallinity counterpart. 33 On 3 /g to 0.14 cm 3 /g). These values are expected because of the incorporation of the conducting polymer between the particles of the aerogel, corroborating the TEM analysis. It is known that the surface area influences the capacitance of the material. Highly porous materials with a high surface area facilitate ion transportation through the solid network, a characteristic that enhances the charge storage capacity. 12 The cyclic voltammetry of Ni(OH) 2 aerogels at ambient temperature, calcined at 200°C, and of the Ni(OH) 2 /PPy composites with different concentrations of PPy are shown in Fig. 4 . A peak characteristic of the redox reaction can be observed in devices composed only with Ni(OH) 2 (Fig. 4a and b) . A positive peak near 0.30 V indicates the oxidation of Ni(OH) 2 and the negative peak near 0.31 V indicates a reduction process. 34 The same voltammogram behavior was reported by Patil et al. 4 for bNi(OH) 2 . Moreover, for the devices incorporated with PPy ( Fig. 4c and d) , two characteristic peaks are present: one for PPy and the other for Ni(OH) 2 . These nanoparticles are also excellent conductors of electrons with low equivalent resistance, demonstrated by the alteration of the shape of the curves of VC with the increase of the scan rate from 1 mV/s to 100 mV/s. The anode and cathode peaks, however, shifted with increasing scan rate, because of the internal resistance of the electrode. 35 In comparison, Fig. 4e displays the cyclic voltammetry curves of all devices at the same scan rate (100 mV/ s), where incorporation of PPy is clearly verified by the presence of its redox peaks.
In Fig. 5a , changes can be observed in the specific capacitance for voltammograms carried out with different rates. The higher the scan rate, the less time the reactions have to occur, resulting in a lower charge transfer as well as increased current levels. The change in capacitance with dissimilar scan rates indicates that the capacitance is based on redox reactions. 36 The highest specific capacitance occurred for the lowest rate (5 mV/s). This behavior reveals the capacitive contribution of the faradaic process, because the total value of the capacitance of a supercapacitor is the combination of the effect of the double layer and the pseudocapacitance. 37 With the increase of the scan rate, the specific capacitance decreases gradually, which can be attributed to the ion diffusion of the electrolyte and the migration to the active electrodes at low scan rates. For high scan rates, the effect of the diffusion can limit the migration of these ions, causing some active surfaces to become inaccessible for charge storage. Figure 5b shows the specific capacitance related to the surface area for the devices with Ni(OH) 2 electrodes (ambient temperature and treated at 200°C) with different concentrations of PPy. It can be seen that the surface area contributes to an increase in specific capacitance. The incorporation of the conducting polymer on the structure of the Ni(OH) 2 aerogel enhances the electrical conductivity of the electrodes. For the composite with a higher amount of Py (0.4 mol/L), low capacitance and low specific surface area were recorded. This can be explained by the absence of reactivity of the oxygen present in the functional groups of the hydroxide to perform the redox reactions at the electrode/electrolyte interface. 38 Figure 6 shows the cycle stability of the Ni(OH) 2 (200°C) aerogel and of the Ni(OH) 2 /PPy-0.2 composite. After 1000 cycles, both of the devices exhibited good stability at 100 mV/s. 39 An increase of 18% in the capacitance of the Ni(OH) 2 device can be observed. This behavior is considered positive for devices based on faradaic processes. 40 Specific capacitance increased gradually up to 400 cycles, when the device is completely active. 41, 42 The Ni(OH) 2 /PPy-0.2 composite exhibits similar behavior, with an 80% retention of the initial capacitance. The slight capacitance reduction is a result of the structural alteration in electrodes and separator 43 and PPy dagradation. 44 For charge/discharge measurements (Fig. 7) , devices with better results of capacitance were chosen: Ni(OH) 2 (200°C) and Ni(OH) 2 /PPy-0.2. It can be observed that the curve corresponding to the aerogel of Ni(OH) 2 /PPy-0.2 displays a non-linear behavior during charging and discharging, typical for faradaic electrode materials. 3 This effect indicates the contribution of pseudocapacitance, responsible for the largest specific capacitance presented in the voltammograms. 24 The ESRs were 221.8 X/ cm 2 for Ni(OH) 2 (200°C) and 46.5 X/cm 2 for Ni(OH) 2 /PPy-0.2. This property represents the intrinsic resistance of materials and contact resistance between them. The reduction of resistance in series after incorporation of PPy suggests the improvement of conductivity and a more efficient electron transfer between the electrolyte and the electrode. With respect to energy density and power density, the high values for the Ni(OH) 2 /PPy-0.2 composite reflect its good performance and electrochemical properties. 39 The Ragone chart containing the supercapacitors with Ni(OH 2 ) (200°C) and Ni(OH 2 )/PPy-0.2 is shown in Fig. 8 . The energy density of the device with Ni(OH 2 )/PPy-0.2 reached 0.064 Wh/kg and a power density of 2.92 kW/kg (black dot in the chart). These values are very close if compared with Ni(OH) 2 treated at 200°C (red dot: 0.084 Wh/kg and 3.95 kW/ Kg, respectively).
CONCLUSIONS
PPy-incorporated Ni(OH) 2 aerogels were produced and tested as electrodes for high-capacity energy storage devices. PPy incorporation decreased the surface area, which was proportional to the PPy concentration. Through cyclic voltammetry and charge/discharge curves, the performance of the supercapacitors was evaluated by measuring specific capacitance, power and energy densities; series resistance was also determined. The specific capacitance was increased by 43% with the incorporation of 0.2 mol/L PPy (up to 276 F/g) and the series resistance obtained decreased by 79% (down to 46.5 X/cm 2 ). This reflects the highest performance and the best electrochemical properties of Ni(OH) 2 aerogel-based devices incorporated with PPy. The charge/discharge curves revealed the contribution of redox reactions from PPy, which resulted in higher energy and power densities.
